We study spin-current nano-oscillators based on the Pt/[CoNi] magnetic multilayer with perpendicular magnetic anisotropy. We observe three distinct oscillation regimes as the applied magnetic field and driving current are varied. By analyzing the spectral characteristics, we identify these regimes as the propagating spin wave mode at small driving currents, the spin wave bullet mode at large currents and in-plane fields, and the droplet-like dynamical skyrmion mode at large currents and small fields. Our results demonstrate that nonlinear dynamical behaviors can be controlled by the magnetic properties of nano-oscillator and experimental conditions. PACS numbers: 75.30.Ds The possibility to induce dynamical states of nanomagnets or change their static configuration by spin current [1, 2] has stimulated extensive research into currentinduced phenomena in magnetic systems. The first experimental studies utilized spin-polarized electric currents in magnetic multilayers [3, 4] . More recently, pure spin currents produced due to the spin-orbit interaction in bilayers of ferromagnets (F) with heavy nonmagnetic metals (N) have been demonstrated to be sufficient to reverse the magnetization [5, 6] , modify the dynamical relaxation rates [7] [8] [9] , modify thermal fluctuations [10] , and excite magnetization oscillations [11, 12] . Devices driven by pure spin currents offer a significant flexibility of geometry, are compatible with a wide range of magnetic materials, and are less susceptible than the conventional multilayer devices to the damage by electromigration or Joule heating. Intense studies have been focused on understanding the underlying mechanisms such as the the bulk (spin Hall) [6, 7, 13, 14] vs interfacial (Rashbalike) [5, 15] contributions to the spin current, as well as chiral effects associated with the Dzyaloshinskii-Moriya interaction (DMI) at the F/N interface [16] [17] [18] . Studies of devices driven by pure spin current also provide new insights into the effects of spin current. For instance, the predicted [19-21] nonlinear spin wave "bullet" dynamical mode of in-plane magnetized films was directly demonstrated in a magnetic nano-oscillator driven by pure spin current -the spin-current auto-oscillator (SCAO) [11] .
The possibility to induce dynamical states of nanomagnets or change their static configuration by spin current [1, 2] has stimulated extensive research into currentinduced phenomena in magnetic systems. The first experimental studies utilized spin-polarized electric currents in magnetic multilayers [3, 4] . More recently, pure spin currents produced due to the spin-orbit interaction in bilayers of ferromagnets (F) with heavy nonmagnetic metals (N) have been demonstrated to be sufficient to reverse the magnetization [5, 6] , modify the dynamical relaxation rates [7] [8] [9] , modify thermal fluctuations [10] , and excite magnetization oscillations [11, 12] . Devices driven by pure spin currents offer a significant flexibility of geometry, are compatible with a wide range of magnetic materials, and are less susceptible than the conventional multilayer devices to the damage by electromigration or Joule heating. Intense studies have been focused on understanding the underlying mechanisms such as the the bulk (spin Hall) [6, 7, 13, 14] vs interfacial (Rashbalike) [5, 15] contributions to the spin current, as well as chiral effects associated with the Dzyaloshinskii-Moriya interaction (DMI) at the F/N interface [16] [17] [18] . Studies of devices driven by pure spin current also provide new insights into the effects of spin current. For instance, the predicted [19] [20] [21] nonlinear spin wave "bullet" dynamical mode of in-plane magnetized films was directly demonstrated in a magnetic nano-oscillator driven by pure spin current -the spin-current auto-oscillator (SCAO) [11] .
In this Letter, we demonstrate that several distinct dynamical regimes can be achieved in SCAO based on a magnetic film with perpendicular magnetic anisotropy (PMA). At currents significantly above the oscillation onset and large in-plane magnetic fields, the characteristics of the oscillation are consistent with the spin-wave bullet [11, 22] . Two additional oscillation modes are observed when the applied current and field are varied. At small currents, the frequency abruptly shifts above the ferromagnetic resonance frequency f F MR , indicating that a propagating spin wave mode is emitted by SCAO. At large currents and small fields, the oscillation frequency shifts close to f F MR , and modulation peaks appear in the spectrum. These spectral features are reminiscent of the "droplet" soliton mode of oscillation [23] recently observed in the conventional multilayer magnetic nano-oscillators at large perpendicular fields [24] . Micromagnetic simulations confirm that a dynamical skyrmion state with the same topology as the "droplet" soliton can be formed in the SCAO, providing a route for the local generation and control of skyrmons in magnetic films.
3)] 6 magnetic multilayer with PMA [25, 26] . Thicknesses are given in nanometers. The film was deposited on the sapphire substrate by the magnetron sputtering at room temperature in 5 mTorr of ultrahigh purity Ar, in a vacuum chamber with a base pressure of 7×10 −9 Torr. Thicknesses of the deposited layers were monitored by a quartz crystal sensor. The magnetic properties of the multilayer were characterized by measurements of the anomalous Hall effect (AHE) of a Hall cross patterned by e-beam lithography [ Fig. 1(a) ]. A square hysteresis loop obtained with field perpendicular to the film plane (circles) indicates that the magnetic film has a well-defined PMA. The hysteresis loop measured with the field oriented at 5
• relative to the film plane is more rounded, broader, and the maximum Hall resistance achieved at small H is significantly smaller (triangles).
These behaviors are consistent with magnetization reversal by gradual nucleation and growth of bubble domains, as was previously observed by Kerr effect microscopy [27] . The hysteresis loop closes above H 0 = 500 Oe, which can be identified with the disappearance of the bubble domains. We will show below that transition between different magnetization oscillation modes of the nano-oscillator occurs precisely at H 0 .
Further characterization was performed by magnetoelectronic measurements of the actual device, which consisted of the Pt/[CoNi] multilayer patterned into a disk with a diameter of 4 µm and two pointed Au(100) electrodes separated by a 90 nm gap that were fabricated on top of the disk [top inset in Fig. 1(c) ]. This geometry is similar to the devices based on Pt/Permalloy bilayers with in-plane anisotropy that were used to demonstrate magnetization oscillation driven by pure spin current [11] . A voltage applied between the electrodes produces an in-plane electric current in the multilayer localized mostly in the gap between the electrodes. Spin current is then generated due to a combination of the spin Hall effect in Pt [6, 7, 13, 14] and spin-orbit scattering at the Pt/[CoNi] interface [5, 15] , inducing local magnetization oscillation of the [CoNi] layer.
The magnetization state of SCAO was detected using the dependence of the device resistance R on the angle between the magnetization and the direction of the current flow. The 180
• periodicity of the dependence of R on the in-plane angle θ formed by the field H relative to the current direction is consistent with the anisotropic magnetoresistance (AMR) of the [CoNi] multilayer [28] [ Fig. 1(b) ]. All the measurements described below were performed with H tilted by 5
• relative to the film plane and at θ = 60
• , which enabled generation of microwave voltages at the first harmonic of the oscillation frequency. Measurements were performed at T = 140 K, and the results were confirmed for three devices.
To determine the dynamical characteristics of the [CoNi] layer, the ferromagnetic resonance frequency f F MR was measured by the spin torque FMR technique (ST-FMR) [29] . An ac current I ac at a microwave frequency f ext was applied to the device, causing magnetization oscillations due to a combination of the Oersted field and ST. These oscillations produce a periodic variation of resistance, which in turn results in a dc voltage peak at f F MR due to mixing with the ac current. The inverse spin Hall effect in Pt due to spin pumping produces an additional contribution to the dc voltage. The peak at f F MR contains both symmetric and antisymmetric components [bottom inset in Fig. 1(c) ] due to a combination of the effects of ST and the Oersted field [29] . Magnetization oscillation was observed when a sufficiently large dc current I was applied to the device, at fields ranging from below 100 Oe to almost 2 kOe. We also observed oscillation at H < 100 Oe, but its characteristics became less reproducible due to the variations of the magnetic configuratiton. Figure 2 shows the dependence of the spectral characteristics on I at H = 1.1 kOe. The oscillation frequency f = 7.8 GHz at the onset current I C = 11 mA, was above f F MR = 7.5 GHz obtained from ST-FMR measurements [ Fig. 1] , and exhibited a blueshift with increasing current. These characteristics are consistent with Slonczewski's quasi-linear theory of propagating spin wave emission by the spin torque nanooscillators [1] .
The oscillation characteristics abruptly changed at a threshold current I t = 12.6 mA. The frequency dropped to f = 6.3 GHz, which is far below f F MR = 7.5 GHz, while the linewidth abruptly decreased and the integral generation power increased [ Fig. 2(b) and (c)] . The oscillation exhibited a redshift with increasing current I > I t , opposite to the behaviors of the propagating spin wave mode at I < I t . An additional small peak at f = 7.4 GHz close to f F MR appeared in the spectrum at I > 14 mA, correlated with the decrease of the intensity of the main low-frequency peak. Similar spectral features were previously observed in SCAO with in-plane magnetic anisotropy [30] and the conventional multilayer spin torque nano-oscillators [22] . The low-frequency peak has been identified with the self-localized spin wave "bullet" oscillation mode [19] . The peak close to f F MR is likely associated with a quasi-propagating mode that becomes weakly localized due to the Oersted field, which is opposite to H. The current-dependent spectral characteristics of the oscillation remained similar to those shown in Fig. 2 over a range of applied field from below 500 Oe to almost 2 kOe. The spectral characteristics abruptly changed at H < 500 Oe, as illustrated in Fig. 3 for I = 13 mA. The most significant change is the appearance of modulation sidebands separated from the main peak by multiples of ∆f ≈ 170 MHz [ Fig. 3(b) ]. In addition, the central peak generation abruptly shifts close to f F MR , the linewidth of the main peak decreases and the integral emitted microwave power increases [ Fig. 3(c) ].
The observed spectral characteristics are reminiscent of the spin wave "droplet" soliton recently observed at large magnetic fields perpendicular to the film plane in a traditional multilayer nano-oscillator utilizing a free layer with PMA [24] . The spin wave droplet consists of a circular central region with stationary magnetization direction opposite to the surrounding magnetic film, separated from the latter by a region of precessing magnetization, with precession angle varying from 0 at the outer edges of the bubble to 180
• close to the center. Translational or breathing dynamics of the inverted central region result in the modulation of the main spectral peak associated with the precession [24] .
We note that the onset of the modulation peaks at H < 500 Oe coincides with the opening of the hysteresis loop associated with the stabilization of the magnetic bubble domains in the [CoNi] film [ Fig. 1(a) ]. Nanoscale magnetic bubbles, the skyrmions, consist of an inverted central region separated from the surrounding magnetic film by a spatial spin structure similar to a Bloch-or Néel-type domain wall (DW) [31, 32] . Therefore, the spin configuration of static skyrmion is topologically equivalent to an instantaneous configuration of the spin-wave "droplet" mode. Furthermore, spin current is not expected to significantly destabilize a skyrmion trapped in the active region of SCAO, because the in-plane direction of polarization of spin current is orthogonal to the normal to the film direction of magnetization in the skyrmion core. Also, spin current is expected to excite precession of magnetization away from the core region, since the spatial rotation of the magnetization between 'up' and 'down' directions occurs through in-plane configuration in which the effect of spin current is large. We can thus conclude that spin current can excite a precessional state of a trapped skyrmion which is equivalent to the "droplet". One can also generally expect that translational and breathing modes of the skyrmion core produce modulation peaks similar to those observed for the 'droplet' [24] . Additional evidence in favor of our interpretation of the observed spectral features is provided by micromagnetic simulations, as discussed below.
In addition to the transformation between the bullet and the droplet modes at H = 500 Oe, the oscillation frequency jumps from below f F MR at H ≤ 1.2 kOe to above f F MR at H > 1.2 kOe, similar to the transition from the bullet mode to the quasi-linear propagating spin wave mode when decreasing current at a constant H in Fig. 2 . The transition in the field dependence is associ-ated with the increase of I t with H, indicating that the propagating mode is stabilized by the field. Therefore, our data demonstrate that one can control the dynamical mode either by varying field at a fixed current, or by varying current at a fixed field.
We note that these different dynamical modes do not coexist. In contrast to the usual multilayer nanooscillators with in-plane anisotropy [22] , one mode disappears and another mode appears precisely at the transition driven either by current [ Fig. 2] or by field [Fig. 3 ]. These behaviors suggest that the oscillation is always excited in the same spatial region, and that different oscillation modes of the same region are mutually exclusive. To test our interpretation of the spectral features observed at small H in terms of the dynamical skyrmion state, we performed micromagnetic simulations based on the Landau-Lifshiftz-Slonczewski equation using the OOMMF micromagnetic code [33] . The simulations took into account the contributions from the demagnetizing field, exchange interaction, perpendicular anisotropy, the Zeeman field, the in-plane component of the Oersted field of the current [34] , and the effect of ST. The value of magnetic anisotropy K u and the saturation magnetization M S of the [CoNi] film were determined separately from the out-of-plane FMR data and vibrating sample magnetometry. The obtained values were similar to those found in previous studies [25, 26] . Figure. 4 illustrates the main results of our simulations. A series of snapshots of the instantaneous magnetization distribution demonstrate that a dynamical skyrmion state equivalent to the droplet mode can be stabilized by spin current at sufficiently small in-plane field H = 300 Oe. A 40 nm inverted core is separated from the surrounding area by a 10 nm-wide DW. As a result of the clockwise [top view] current-induced precession of magnetization in the DW, the geometry of the DW alternates between Néel type [panels (a),(c)] and Bloch type [panels (b),(d)] twice over the period of the oscillation. In addition to the DW precession, the position of the core gyrates with a period somewhat different from that of the DW, and the size of the core is periodically modulated. The core shrinks when Néel-type DW is formed during precession [panels (a),(c)] and expands when Bloch-type DW is formed [panels (b),(d)]. The Fourier spectrum of the spatially averaged projection of magnetization on the direction of the current flow consists of a large central peak associated with the DW precession, and sidebands caused by the gyration of the core [ Fig. 4(e) ]. These spectral characteristics are in a qualtitative agreement with the experimental observations [ Fig. 3] .
Current-induced dynamical skyrmion state obtained in our simulations was sensitive to both the applied field and current. In particular, it became unstable at H > 300 Oe or I > 5 mA, and multiple stripe-like domains or a quasi-inform state were formed instead. In contrast, the experimentally observed spectral features identified with the dynamical skyrmion state were observed up to H = 500 Oe and I = 15 mA. This discrepancy is likely caused by the limitations of our simulation. First, atomically sharp electrodes were assumed in the simulations, while the actual electrodes were rounded due to the finite resolution of e-beam lithography and the limitations of the sputtering process. As a consequence, the simulated current distribution is likely more localized, resulting in lower currents needed to nucleate and stabilized a dynamical skyrmion state. It is also possible that the Dzyaloshinskii-Moriya interaction (DMI) at the Pt/[CoNi] interface neglected in our simulation stabilizes the DW spin structure of the skyrmion [16] [17] [18] 32] . Despite quantiative discrepancies and limitations of our simulation, it demonstrates the possibility of a dynamical skyrmion state trapped by spin-current in SCAO, supporting our conjecture based on the epxerimental data.
To summarize, we have observed several distinct dynamical regimes of spin-current auto-oscillator based on a [CoNi] magnetic multilayer with PMA. At low current, quasi-linear Slonczewski-like propagating spin wave mode with the frequency above f F MR was excited. This mode transforms to a localized soliton mode above a certain threshold current. At large fields, the localized mode can be identified as the spin wave bullet that emerges due to the nonlinear redshift of the dynamical modes of in-plane magnetized films. At small fields, the localized mode is transformed to a dynamical skyrmion state topologically equivalent to the droplet mode, which has been previously observed only at large normal fields in traditional multilayer spin torque nano-oscillators with PMA. In our measurements and simulations, the droplet mode emerges due to the stabilization of the nanoscale bubble domain in the active device area, whose domain walls precess between Néel and Bloch configurations due to the effects of spin current. Our measurements demonstrate a straightforward route for development of simple localized sources of propagating spin waves, which do not require a complicated structure [36] or large perpendicular fields [22, 37] . Such localized spin-wave sources are intensely pursued for devleopment spin-wave electronic (magnonic) devices [38, 39] . Furthermore, the possibility to trap and dynamically control skyrmion states may provide a new approach to the development of skyrmionbased magnetic memory applications [40] . Our results indicate that a rich dynamical and topological structure of current-induced excitations can be produced in magnetic systems by a suitable choice of magnetic properties and experimental conditions, providing a fertile ground for the studies of nonlinear physics in multimodal dynamical systems.
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